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I. INTRODUCTION

The application of FLIR systems to several high performance air-

craft such as the B-1, F-4 and F-ill, requires that large-size infrared

windows capable of transmitting energy between 0. 5 and 13 micrometers be

available. Furthermore, to withstand the thermal stresses and the hostile en-

environment encountered by such aircraft the window material must also exhibit

good thermal stress and resistance to rain erosion. Finally, it is important

that the cost of the optical components (such as windows) for these systems be

procurable at a reasonable cost.

In earlier forms of airborne electrooptical and FLIR systems used

in subsonic aircraft, the conventional material for windows in the 8 to 12

micrometer region was germanium, with oxide-glasses serving the visible

and near infrared region including 1. 06 micrometers. Both of these materials

are strong and durable, but germanium has a major disadvantage for use in

high-speed flight where aerodynamic heating results in a substantial increase

in absorption of the window at infrared wavelengths that at the same time intro-

duces optical distortion. Both absorpLions and distortions can be reduced to

acceptable levels by replacing the germanium with zinc selenide. A further

advantage of this replacement is the possibility of using the same window at

all the required wavelengths - visible for occular or TV systems, LLLT.1V for

wavelengths beyond 0.75 pm, 1.06 pm for laser designation, 3 to 5rpm for

pulse seekers and 8 to 13 pm for, FLIR' s,

The major drawbacks to the use of state-of-the-art zinc selenide

over this wide bandwidth are its durability and cost. The durability (i.e., it

rain erosion resistance) of zinc selenide can be significantly increased by the

use of dopants such as silicon and/ or aluminum. Unfortunately the addition of

these dopants even in small concentrations significantly increases the short

wavelength scatter and yields a material that is not satisfactory for use at

these latter wavelengths.
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An alternate approach to the problem and the one evaluated in

this program is to fabricate a composite window. The composite consists

of a primary element which is zinc selenide of sufficient thickness to resist

both mechanical fracture and optical distortion under the expected aero-

dynamic and mechanical loads. The zinc selenide, In turn, is covered by
a layer of a high durability material, namely, CVD zinc sulfide. This

material is grown on an optically polished zinc selenide surface by chemical

vapor deposition techniques. This technique eliminates the need of anti-

reflection coatings at this interface and the need for optically figuring the

external surfaces after fabrication since optical path variations are minimal.

The thickness of the zinc sulfide layer needed to increase durability to an acceptable

level is less than one-tenth of an inch. Under these conditions, the transmittance

of the composite will essentiallybe equal to the transmittance of the zinc selenide.

To reduce the cost of the zinc selenide substrate, three alternate

vapor deposition processes were experimentally evaluated during this

program. These were an elemental vapor deposition process, a physical

vapor deposition process, and a modified chemical vapor deposition process.
The results of the experimental work indicated that the modified CVD process

is capable of yielding a high quality optical material at a reasonable cost level.

2



I1. FABRICATION TECHNIQUES FOR LOW-COST ZINC SELENIDE

a. Conventiznal Chemical Vapor Deposition

The Raytheon Research Division has been actively engaged in the

fabrication of optical materials by the chemical vapor deposition process

(CVD) for a number of years. In this process a material is formed as the

product of a high-temperature chemical reaction involving one or more gases.

Each gas is an element (or a compound containing the element) of the material

S.... I to be deposited. The gases flow into the deposition chamber of the furnace

where they mix and react to form a dense solid on an appropriate substrate.

CVD processes generally yield a high-purity material because the

vapors tend to be self-distilled during transport to the reaction zone. Under

correct thermodynamic., kinetic and gas dynamic conditions coherent and

dense polycrystalline material will deposit. The mode of deposition can be

visualized as a molecule by molecule buildup of material which creates a

theoretically dense deposit.

Zinc selenide is deposited by CVD techniques according tn the follow -

ing chemical reaction:

Zn(v) + H 2 Se(g) - ZnSe(s) + H12 (g) (1)

The zinc vapor is generated by heating the metal under a reduced pressure

and introducing it into the reaction zone as a vapor by means of a carrier
gas. The hydrogen selenide gas which is stored external to the furnace is

passed directly into the reaction zone. In the reaction zone the two gases

react to deposit the material. The byproducts of the reaction are pumped

away and disposed of by suitable methods. For laser quality material the de-

position process is carried out at 7500 C at . deposition rate of approximately

iI. 0. 005 in/ hr. A typical set of properties of this material are listed in Table 1.

3I , +.,



TABLE 1

PROPERT1ES OF CVD ZINC SELENIDE

Density (gm/ cc) .... .e... .......... ........... 5.27

Refractive index, 8-13 Mm .............. e...... 2.42 to 2. 38

Temperature Coefficient
dn/ dT (/ C) at 10.6pm .................. .. 6 X 10

Transmission, 8-131m ...................... > 70 percent

Transmission limits ........................... 0. 5 to 22 pm

I0. 6 micrometer absorption (cm ) .1 ........ • 4 X 10-4

28Pulse damage threshold (W/ cm ) . ..... .... > 3 X 108

Grain size (microns) ... ... ................... 70

Hardness (Knoop 50 gm) ...................... 100

Fiexural strength
(psi, 4 point loading) .. ,. ............. *.... 7500+ 1000

Young's modulus (psi) .. f. .......... . ........ , 9.75 X 106

Thermal expansion
(/0 C, range RT-170 C) ........... ..... .... 7. 57 X 10- 6

Thermal conductivity (25 0 C, cgs) .............. 0.043

Specific heat (cal/gm g C) ...... @a go ggsosea* 0.082

Resistivity (ohm-cm) *.g......... ..... . .ee e .se* 10

4



The costs of CVD zinc selenide are primarily governred by the number

of usable square inches yielded per run and the cost of hydrogen selenide gas.

During the course of this program a mandrel geometry was designed and process

conditions were optimized to maximize the number of window blanks yielded per

furnace run. In addition, a less expensive grade of hydrogen selenide gas was
evaluated, and proved to be useful. Both of these facts allow the material to be

produced at a lower cost.

As previously noted, zinc selenide does not perform adequately

in a rain environment. After 10 minutes at speeds of 470 miles/ hr in one inch/

hr simulated rainfall, for example, internal fractures cause the material to
become almost opaque. To improve this characteristic without significantly

altering its optical properties, thin ( < 0. 100 in. ) overcoat layers of CVD

zinc sulfide can be .applied to one surface. This material can be attached by
one of two techniques. In the first technique one can adhesively bond or use
a glass to attach the material. In this case the index of refraction and thick-

ness uniformity of the adhesive or glass must be accurately controlled.

In the seconC technique zinc sulfide is directly grown by a chemical

vapor deposition technique onto the polished surface of the zinc selenide. This

latter technique was evaluated in this program and proved to be successful.

Structurally this technique is successful since the thermal expansions of the

two materials are quite similar. From an optical point of view the technique

is successful because of the closeness of the index of refraction of the two

materials. Using values of 2. 40 and 2. 20 for the refractive indices of zinc

selenide and zinc sulfide respectively, the reflectivity of the interface is

calculated as less than 0. 2 percent provided there is intimate contact betweenK the materials. Although zinc sulfide has a much greater absorption coeffi-
cient than the zinc selenide, a layer of zinc sulfide - 0. 050 in. thick will

reduce the transmittance by only a small fraction of a percent.

• ..
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b. Elemental Process

The most direct method by which the cost of zinc selenide can be

reduced is to react zinc and selenium vapors directly:

Zn,(v) + 1/ 2 Se 2 (v) - ZnSe(s)

"As in the standard chemical vapor deposition process zinc vapor is generated

by heating the metal under a reduced pressure and passing it, by use of a

carrier gas, into the reaction chamber of the furnace. Selenium vapor is

generated in a similar manner and it is also passed into the reaction zone

by a carrier gas* The process is cost effective since it does not entail the

use of the relatively expensive reactant, hydrogen selenide gas. Under the

appropriate processing conditions the free energy change for this reaction

can be made similar to that of the more conventional CVD process. Details

of the experimental procedures used to deposit material by this process are

discussed in another section of this report.

c" Physical Vapor Deposition

by use of Another attractive means of reducing the cost of zinc selenide is

by use of a physical vapor deposition process. This process is in reality a

vaporization-condensation process. To fabricate zinc selenide as an optical

component, zinc selenide powder is heated at a reduced pressure to its evapora-
tion temperature. By placing the mandrel surface,on which deposition occurs,

in a cooler section of the furnace (usually 1500 to 250* C) the vapors are

recondensed and the material is deposited. Physical vapor deposition can
be carried out in any type of furnace in which a temperature gradient can be

established. In this program a graphite resistance heated vacuum furnace

capable of being pumped to .0. 2 torr was used. A mandrel assembly con-

sisting of a crucible containing the zinc selenide powder, a graphite pipe

and the mandrel, are placed in the furnace so that a temperature gradient
is established between the source material and the final mandrel surface.

The process can be carried out with or without the use of an auxilliary carrier

6



gas. Typically, the deposition temperature is between 900* and 10000 C

at a system pressure between 0. 5 and 1. 0 torr, The experimental work

done with this process is discussed in a following section of this report.
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III. EXPERIMENTAL

a. Introduction

As noted in the previous section, three processes were evaluated in

an attempt to decrease the costs of zinc selenide, In addition, CVD zinc

sulfide was grown on these substrates to improve their resistance to rain erosion.

In this section of the report the experimental work done in each of these areas

is discussed.

b. Elemental Process

Under a previous program (F33615-74-C-5145) polycrystaline zinc

selenide was prepared using elemental zinc and selenide vapors as the reac-

tants, according to the reaction:

Zn(v) + 1/ 2 Se 2 (v) -- ZnSe(s)

Using the appropriate process conditions, the free energy change of this
:• reaction (-23. 2 Kcal/ mole) can be made similar to the standard chemical

vapor deposition process. A typical set of conditions are: deposition tem-
,perature 750 C, system pressure 40 torr, and reactant concentrations of

V• 2. 5 moles of each reactant per hour. Using these conditions, specimens
I X 2 X 0. 1 inch were deposited with close to theoretical transmittance in

tho far infrared, Scatter at visible wavelengths, however, was a problem.

The goals of this task of the program therefore were to reduce this scatter,

deposit larger size samples, and determine whether the process could be

scaled to produce large-size window blanks economically.

The equipment needed to carry out the experimental work on this

process is shown in Figures 1 and 2 respectively. The flow panel for the

system is pictured on the left. Flowmeters are used to control the carrier

gas flow over the liquid zinc and selenium metal retorts. Pressure gauges

for, the system are also located on this flow panel. The furnace and reaction

8
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chamber are pictured on the righthand side of Figure 1. The reaction

chamber consists of two graphite retorts, a mixing chamber, and a mandrol.
A schematic of the setup is shown in Figure 3. Each retort contains 0 graphite

float system which is used to monitor the selenium and zinc usage during a
deposition run. The excess reactive gases leave the top of the react:ion
chamber and pass through a dust filter, throttling valve, and a vacuum purnp.

The exhaust from the pump is then passed through KOH bubblers to neutraliz
any harmful vapors.

The reaction chamber is heated by a vertical Lindberg 6-?one furnace

which is 7 inches in diameter. Each 6-inch zone has an individual controller

so that temperature gradients along each zone can be controlled to within
+ 0. 50 C. The furnace and reaction chamber are housed in a walk-in hood

for safety purposes.

During this task of the program twenty-five (25) experimental runs

were made. The starting reactants for all runs were zinc and selenium,
and the deposition conditions used are listed in Table 2.

The first four runs were made to check out the above dtescribed
system (Figure 3). The first run in which close -to-theoretically dense Yma - !

terial was deposited was ZnSe-EE-4. The thickness profile of this run wa s-
not as uniform as desired because of growths around the selenium inlet nozzle.

Nodular growth was observed in the areas o. the plates opposite these inlet

growths. There was also a fair amount of visible scatter present in tihesv
two areas of the plates as proper mixing of the reactants did not take plra'.

The material deposited in other areas of the plates is equivalent in quality ip

some of the best elemental material made under the previous contrAcl: ( 3if6 1'
74-C-5145). A transmittance curve of a polished specimen from this run is

shown in Figure 4.

In the next set of runs (ZnSe-EEl-5 through -7) attempts were madel

to improve the thickness distribution of the deposit by minimizing the amount

of growth around the inlet ports of the reactants. This was done bY chncnging
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the carrier gas flow rates and altering the geometry of the inlet ports. The

best thickness profile achieved is shown in Figure 5, and a typical transmit-
tanto curve is shown in Figure 6. Although this curve appears equivalent to

standard CV]) material beyond 2. 5 micrometers, at visible wavelengths it
exhibits a gre..ater, amiount of scatter.

1. ;A11 atte rnpt to obtain better control of the molar ratio of the input'
reactants, as well as to deposit larger size samples, the experimental deposits
after run ZnSe-EE-7 were moved to a seventeen-inch diameter furnace. In

this furnace a ?,inc! feeder system, developed under F33615-74-C-505B, was

used to generateý the zinc vapor. To attain better control of the selenium usage

rate, t~he rutort con taminirg the selenium was mnounted external to the furrave.

'This setup is sh-own s che Ina11c ally in Figure 7.

'11ing this system seventeen (17) runs (ZnSe-EE-8 through -24) were
made. [he first SUCCessful run was ZnSe-LAE-9. The deposition temperature
was 7250 C, and the Se(v)/ Zn(v) molar ratio was 1. 25. Even though the d epo-
sition profile was quite top-heavy (Figure 8) a polished specimen of the ma-

terial Indicated that it was the best elemental material made to date onl the

prwogram. Th'le infrared t'u nsmittance cof the material Is shown in PIlgure P.
The apparent (surface and bulk) absorption coefficient of 0. 120 inch thick

-1
speci men was measured to be 0. 0023 cm

In Lruns Z:-1E-0through -14 various techniques were investigated
In ani attempt to Iinprove the thickness distribution of the mnaterial. For

examlple, in run loe- ~-0an argon byflow was used around the selenium

inlet port, The purpose of the byf'law was to prevent growth of material around

the seleniumi Inlet port: Growths can misdirect the gas flow pattern and cause

localized turbulence which in turn results in an incorrect molar ratio in

certaini a :'eas ofHc tinmandtrel. 'i'he deposition profile of tiis run was fairly

A ~unifoturii, I i~it the CIItict~i quality or the ZnSe was not as good as in previous

rubls Si ace, Ulu SOO\/ Zln(N ) niolar, ratio was 0. 96. It appears that a selenium -

t'iih atl1)j1V 1.splem sncesr In order to deposit elemental ZnSe with mlinii al
VJýidille 80,utteV [11I thiS 'il HI ru im.Urfaces of the deposit ahjo) exhibited excessive

1(6I'~I . . -44,
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Figure 7. Schematic of CVD Zinc Selenide Apparatus
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nodular growth. In run ZnSe-EE-11 the selenium inlet port size was reduced
from a diameter of 0. 625 in. to 0, 125 in. in an attempt to obtain a better depo-

sition profile. As a result of growth around the selenium inlet port, however,

poor material with an uneven deposition profile resulted. The material de-

posited on the selenium-rich side of a ridge formed on the plates contained

fewer visible scatter sites than the material deposited on the zinc-rich side

of the plate.

From the results of the two previous runs it became evident that

the size of the inlet port, the gas flow through the port, as well as the amount

of byflow used around the port, were all interrelated and governed whether

growths would occur around the inlet port. In run ZnSe-EE-12 an argon byflow

was used around a 0. 250 in. selenium inlet. The byflow concept worked

well in that the selenium inlet port was not obstructed by ZnSe growths.

However, the thickness profile was quite uneven; material was deposited in

the top section of the mandrel only. ý ;ual examination of the material indi-

cated that it was of good quality. A transmittance curve for this material

from the visible to the far infrared is shown in Figure 10.

In run ZnSe-EE-14 the diameter of the selenium inlet port was 3/ 16 in.,
and the argon flow over the selenium was increased from 3 to 4 1pm (Table 2).

This change caused the selenium vapor core to spread more rapidly and re-

sulted in deposition at a lower point in the mandrel.

In rins ZnSe-EE-15 through -17 the inlet size of the selenium port

was progressively decreased and the amount of carrier gas used with selenium
vapor was increased in an attempt to improve the thickness profile. For ZnSe-

EE-15 where the size was 0. 187 in. the deposition profile was still uneven.

In some areas of the mandrel the material was free of visible scatter sites.

while in other areas the material contained scatter sites. A core of selenium
and argon gas had evidently passed through the mandrel and hit the exhaust

plate above the deposition area. Any deposition which took place in the mandrel

was apparently due to a back-diffusion of the reactants.

22
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In run ZnSe-EE-16 the selenium inlet port size was reduced to

0. 086 inch in an attempt to destroy the core of selenium vapor. While this

change improved the deposition profile, it was still top-heavy. Adequate

mixing of the vapors was still a problem. Areas of the deposit receiving

enough selenium were of good optical quality, while areas that were apparently

selenium-poor exhibited visible scatter.

Conditions for run ZnSe-EE-17 were similar to those for the previous

tun with one exception --- the amount of argon flowing over the selenium

retort was increased to further promote mixing of the reactants. The ma-
terial deposited in the mandrel was of poor optical quality indicating that the

Se/ Zn molar ratio was < 1. 0. All of the material deposited in the exhaust

zone of the setup, however, was of excellent optical quality.

Run ZnSe-EE-18 was made to determine if the thickness profile could

be improved by depositing material at a higher system pressure. The furnace
pressure was held at 10 toi~r` and the molar ratio of the reactants (Se(v)/ Zn(v))
was maintainea at 1. 64. Gas phase nucleation took place under these condi-

tions and only zinc selenide powder was produced. To produce zinc selenide
by the elemental process it appears that the deposition pressure must be less

than 5 torr; preferably around 2. 5 torr.

Even though the thickness profile of the deposits were troublesome,

of greater concern was the optical quality of the material. It became evident

that unless adequate mixing of the reactants could be achieved before deposi-
tion occurred that the material would have scatter sites. In an attempt to

improve the rnixing of the reactants the nozzle tube shown schematically in

Figure 11 was designed and built. This nozzle was first used successfully in

ZnSt-EE,-19. The deposition profile was quite uniform and 3 X 12 X 0. 2 inch

plates were produced. The material still scattered at visible wavelengths.
Microstructural. analysis of this material indicated that the majority of the

scatter sites occurred along the grain boundaries of the columnar grains.

In runHs ZSu-EE-20 and EE-21 the reactant concentrations were

24
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increased in an attempt to minimize columnar growth. The former run was

aborted after two hours due to a malfunction of the zinc feeder system. The

latter run went for the scheduled time of 24 hours. Columnar grain- growth

and scatter was again prevalent.

It was felt that if the deposition temperature were increased the

individual grains would become larger, the total 1(rain boundary

area would decrease, and visible scatter in the material would be mini-

mized. In runs ZnSe-EE-22 through -24 the deposition temperature was

increased from 730* C to 745* C, and subsequently to 800° C (Table 2). The

material produced in the above three runs did not show an appreciable de-

crease in visible scatter sites even though the grain size of the material was

significantly larger.

One final run, ZnSe-B•E-25 was carried out in the vertical g-zone
Lindberg furnace in order to determine if at a high deposition temperature

(B20* C) and low furnace pressure (1. 5 torr) visible scatter could be decreased.

Even though the material produced from this run was thin (- 40 mils), it did not

appear to scatter as much as previous elemental material when examined visually.

Under polarized light, scattering at grain boundaries was also minimal. It

appears that the higher temperature and lower pressure resulted in elemental

zinc selenide of better optical quality than that produced under other process

conditions. The strength of this material was determined to be quite low, however,

and it was anticipated that problems would occur wh en we attempted to overcoat

it with zinc sulfide. In addition, the process conditions for its fabrication

were so stringent that it did not appear that the process could be easily scaled

to produce large-size hardware,

The properties of elemental zinc selenide deposited at 750* C are

summarized in Table 3 and are compared to the stsndard material deposited

by the CVI) process. As noted, in most cases they are quite similar. The

absorption coefficient given for the elemental material may be somewhat higher

th&&n the true value since it was measured on a thin sample (0. 120 in. ) and has

not been corrected for surface absorptions. As previously noted, significant

2 6
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TABLE 3

PROPERTIES OF ZINC SELENIDE DEPOSITED AT 7500 C

Elemental C V D

Density (gm/! cc) 5. 27 5. 27

Grain Size (Wm) 70-100 70
Flexural strength

(psi) 3 -point loading 7630 + 1500 8600 + 1300

Young' s modulus (psi) --- 9.75 )( 10 6

Hardness (Knoop, 50 gin) 110 100

Thermnal expansion C) 6 C)
(range, 20-170* C) 7. 65 X 10- 7. 57 X io6

Transmission limits (M~m) 0. 5-22 0. 5-22

Uncoated transmission
(3 -14 IAm) > 70% > 7076I

Bulk absorption coefficient -3 -4

2c~ 2X 10- 4 X 10-

27

----------------------------------------... V.



I:E

differences were found in the grain structure of the two materials. Figure 12

shows the microstructure of a polished elemental sample which has been

etched with a 0. 5% Br in methanol solution. In the growth direction the

grains are columnar in structure and propagate throughout the thickness of

the sample. This columnar structure is not evident in the standard CVD

material as shown in the microstructure of Figure 13. This difference in

microstructure is probably the result of the relatively low system pressure
and reactant concentrations under which the elemental material is deposited.

Under these conditions new nucleation sites are harder to form, and the reacting

species apparently prefer to deposit on previously formed sites. Thus a

columnar grain can propagate through the thickness of the deposit. This type
of structure contributes to the somewhat lower flexural strength of the ele-

mental ZnSe as compared to the regular CVD material (Table 3).

c. Physical Vapor Deposition

The physical vapor deposition (PVD) method of fabricatihg a ma-

terial is, as noted earlier, a vaporization-condensation process that occursF I. at high temperatures and relatively low pressures. Based on experimental

work prior to beginning this task of the program, it had been determined that

most of the properties of the material, although not equivalent to CVD ma-

terial, were adequate for FLIR window applications. Figure 14 represents

the visible transparency achievable with this material, while Figure 15 shows

its transmittance beyond 2. 5 micrometers. The goal of this task was to

"determine whether the visible imaging properties could be improved and

whether the process could be scaled to fabricate large-size hardware

"economically.

The experimental setup used in this process is schematically shown
in Figure 16. Zinc selenide power is vaporized in a high temperature retort

and the vaporized molecules are transported to the lower temperature mandrel.

A porous filter is used to eliminate particulate matter that is sometimes

generated during the evaporation process. The material quality is apparently

28
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Figure 12. Microstructure of Elemental ZnSe,
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Figure 13. Microstructure of CVD ZnSe, Edge View,
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WI'igurec 10'. Schematic of Physical Vapor Depoettion Apparatus.
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determined by the retort temperature, the mandrel temperature.. the temn-

perature distribution on the mandrel, and the system pressirle,

During this phase of the program, seventeen (17) depositions
were made. The process conditions used are summarized hin '.1'ibe 4.

The first deposit made under this program was run PVD-39. It,

wsmade priarily to yield substrate material frthe zhcsulfide ovrca
procss ork.Therun was successful and a 9-inch diameter by1- 5/ 8 inch

thik dsc asdeposited and cut Into 3 X 3 X 5/ 8 inch samples. 'Phe opliical

quaityof hematerial was considered to be good even thouigh inrciius ons on

the order of 0. 5 mm. in size were observed, The apparent absorption voeffi-

cient, as measured calorimetrically at 10, 6 micrometex s, was
0& 05 cm -1 foz- a, 1. 27 cm sample. This value ii? an order of mftgnitucke groater
than material produced earlier, but it is felt thaý the higher valim was pri -

manily caused by the Inclusions. Figures 17 and 18 present the, visible an d

infrared transmittance of a 1 cm. sample taken from this deposit. Also shown

on -iue 18 is the trancmittance of standard CVD and, as noted, 0the PV 1)

material transmits to a lower wavelength. The band gal) of the UIV D material

&appears to occur at a slightly higher energy, probably becanuse the TIPItVVi a

is more nearly stoichiometric. The mic'rohardness of this deposit was tnea-

sured with a 50-grarn Knoop indenter. The measured value of 100) compares
favorably with chEmical vapor deposited material.

the presence of a broad absorption band centered arouind 3 micrometers. This

band had been observed in previous deposits and is apparently a,.isociate(1 with-

oxide impurities that are introduced into the d~pcsit by uge (if the FAou ISilS

filters that are used to eliminate particulate matter from the deosnit. Run

PVD-40 was made -with an alunitna filter in order to detert-i-ne it' hei Absorp-

tion could be minimized. As evidenced by the infrarecd trarstnit~tante (if this

F 33
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deposit (Figure 19) the absorption increased in magnitude. The material

also showed some scatter as indicated from the visible transmittance shown
in Figure 20.

In run PVD-41 a fritted quartz filter was again used. Although heat

sensor problems limited the amount of information obtained from this deposit

with respect to the impurity problem, it can be seen from the infrared trans-

mittance curve in Figure 21 that the 3 micrometer absorption band is still

present although not as pronounced as in the previous run. Since visually

the optical quality of this material appeared to be quite good its imaging

characteristics in the 8 to 12 micrometer range were determined. The tech-

niques used for this measurement are described in the Appendix. Table 5

presents the results of these measurements and, as indicated, there is an

increase in the image width (at 15% intensity). Even though the magnitude of

the increase is higher than desired it was felt that the material could be

improved and it was decided to scale the process to fabricate 15-inch diameter

samples.

Run PVD-42 was the first attempt at a 15-inch diameter deposit.

The deposit was intentionally terminated after 34 hours of deposition to deter-

mine the deposition rate. The resultant disc was of good optical quality with

very few inclusions. Comparison with other PVD runs indicated that the mate-

rial was equivalent and that the 3 micrometer absorption band is somewhat

reduced in magnitude. It is possible that with the repeated use of the same

silica filter that its impurity content is progressively reduced. The apparent

absorption coefficient of this material at 10. 6 micrometers was determined
-1

to be 0. 03 cm

"Runs PVD-43 through -55 were concerned with depositing a 10 X

10 X 3/ 4 in. specimen (to be cut from a 15 in. diameter disc). In run PVD-44

it was determined from three thermocouples located at 0 and + 3-1/2 in.

radially from the center of the 15-inch disc that the temperature distribution

measured would result in high residual stresses. Therefore in the next four

"runs (PVD-45 through -49) additional thernrcouples were used to determine

37
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STABLE 5

IMAGE SP.OILING CHARACTERISTICS OF INFRARED MATEHIAL.S

Incident Image
Aperture Angle Cruwth

Sampl (in.) (deg) (prad) (• rad)

PVD-41 7 0 96.3
Non- 7 --- 87.5 8.8

I PVD-4J, 4-1/2 45 144.2

None 4-4/2 --- 133.7 10.5

C V I.) - Z nS 5 0 127.2

None 5 --- 123, 6 3,6

CVD-ZnSe (I-,T3) 7 0 98.8

Nore 7 0 97.5 1, 3

"F" lun Z S- 157 .I~
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the mandrel temperature before and during deposition. Based on the tem-

perature gradients observed in each of these rums, the thermal insulation

around the mandrel was altered to reduce the radial temperature difference.

In run PVD-49 the temperature difference between the middle and edge of the

mandrel was approximately 500 C. The thickness and thickness distribution

of this run was excellent. Because of the high retort temperature used,

however, an abnormally high deposition rate was attained that caused the

deposited material to scatter more than normal. The infrared transmittances
of three sections of this deposit are presented in i;Migures 22, 23, and 24.

Run PVI)-51 yielded a 15-inch diameter X 0, 75 inch thick blank,
Evaluation of the blank, however, indicated that approximately the first third

of the deposit was rather porous. Porous material had been observed pre-
p,' viously but never to this great an extent. It is apparently caused by non-

equiltbrium conditions that exist early in the deposition process. The infrared

transmittance of this deposit with the porous layer removed is presented in

Figure 25. The lower-than-normal transmittance is attributed to particulate

matter that evidently bypassed the filters.

Run PVD-52 was deposited in order to determine if the start-up

procedures caused the formation of the porous layer. In this run a slow

evacuation period ( -- 2 hrs) was used prior to depositing at full vacuum.

9,! The resulting material showed only a 0. 010 to 0. 020 in. porous layer. The

infrared transmittance of the remaining material is shown in Figure 26.

Run PVD-53 yielded a 15-inch disc in excess of one inch in thick-

ness with an excellent thickness distribution (Figure 27). The thickness and

optical clarity, at visible wavelengths, can be seen in the edge polished

specimen shown in Figure 28. and its infrared transmittance in Figure 29.
The apparent absorption coefficient at 10.6 micrometers was 0. 012 cm" 1.

Further investigation of this disc under transmitted light, re-

vealed unfortunately the presence of major cracks that were not discernible
with norni•4 lighting (Figure 30). The cracks ot)serv• d a•'e tenSil, in nature
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and propagate radially in from the outer diameter. They do not propagate

through the thickness, hence the disc remained intact. The cracks are

apparently caused by either an excessively rapid cooldown from deposition

temperature or a radial temperature gradient that is initially set-up during

deposition. The latter reason is# in our opinion, the most probable cause of

the failure.

As previously mentioned, several attempts were made during this

N, " series of runs to decrease the radial temperature gradients on the 15 -inch
diameter mandrel by the use of carbon felt insulation. The diametrical tem-

perature differences with respect to the center of this deposit were + 50* C,

00 C, and + 1000 C. The stresses corresponding to these temperature varia-

tions can cause failure.

Since the use of insulation did not satisfactorily solve the tempera-

ture gradient problem it was decided that the only other viable method available

was with the use of an external heating source at the center of the mandrel.
A flat graphite heater, 5 inches in diameter, was designed and fabricated for

this purpose and used in runs PVD-54 and -55. The results achieved with

this heater, however, were not significantly different than those achieved

without the heater. Because of this problem, the marginal imaging

quality of the material, as well as the problems that were being encountered

with this material in the zinc sulfide overcoat experiments, it was decided

that a modified CVD process should be evaluated before the final choice on a

•I. I fabrication process was made.

d. Low-Cost Chemical Vapor Deposition for Zinc Selenide

As discussed in an earlier section, the major drawbacks to the use
of zinc selenide as a FLIR window are its durability in a rain environment and

its cost. Techniques for improving durability are discussed in the following

section. In this section techniques used to decrease cost are discussed.

The two major factors that govern the cost of CVI) material are

the yield achieved from a furnace run and the cost of one of the reactants,

hydrogen selenide gas.
50S1k
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Yield can be maximiz d (and thus cost reduced) by utilizing as much

of the deposition area as possible. That is, by using a mandrel size that is

compatible with the size of the components desired and attaining a uniform thick-

ness distribution over that area, the majority of the deposit can be utilized. During

this task of the program a production size mandrel was designed and a thick-

ness distribution attained in a similar size mandrel was used to determine

the number of units (13 X 19 X 0. 6 in.) that could be yielded per run. It was

found that because of an increase in yield the cost of an unpolished unit in

production quantities (100 to 200 units) could be reduced by approximately

37 percent over the standard costs of the material.

To further reduce the cost of zinc selenide window blanks the use

of lower purity H2 Se gas was evaluated. The purity of the H2 Se gas used to
deposit laser quality material is normally greater than 99. 95 percent. The

major impurities that are removed to attain this purity level are sulfur, water

vapor, carbon dioxide and oxygen. A less expensive (-20%) 98 percent pure

gas whose major impurity is sulfur (as H2 S), however, was available and was

purchased for evaluation.

A process run was made using this gas and it was found to be equi-

valent in all respects to laser quality material, except that it had an apparent

absorption coefficient at 10. 6 pm of 0. 006 cm 1 . The magnitude of absorption,
although higher than laser quality material, is more than sufficient for FLIR

window applications. Figure 31 shows the infrared transmittance of this ma-

terial and, as noted, there are no obvious extrinsic absorptions over the entire
spectrum.

Based on the results of this run a production run was made in the
apparatus,shown schematically in Figure 32,to deposit a large zinc selenide

plate. The material from this run was uniform in both thickness and optical

quality. The as-deposited thickness profile of this blank is shown in Figure 33,
and the spectral transmittance in Figure 34. The apparent absorption coeffi-

cient of this material at 10. 6 micrometers was measured to be 0. 0015 cm-.

Laser quality material has an absorption coefficient at 10. 6 micrometers that

lies between 0. 0004 and 0. 0009 cm 1.
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Liquid level sensor
* Zinc wire feeder

Exhaust system
Furnace heating

Furnace tank M - andrel
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Figure 32. Schematic of Apparatus used for Depositing
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Figure 33. Low Cost ZnSe "As Deposited" Thickness Profile
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UoiThe results of this run allow a further reduction ('-12 percent) in the cost of •

zinc selenide for multispectral FUR windows. It is estimated that a 13 X

19 X 0* 60 inch blank of this material in produntion quantities will cost
-- $11 000. This cost is consistent with the goals established for this
program,

Following the evaluation of the run two window blanks of 10 X 10

and a 13-1/4 X 20 inch size were cut and plate-glass polished. The 10 X 10

inch plate was submitted to the Air Force Materials Laboratory for further
evaluation. One of the surfaces of the 13-1/ 4 X 20 inch blanks was optically '

polished and then overcoated with a thin layer (-0. 050 in.) of CVD zinc sulfide.

The blank was then polished and submitted to the Air Force Materials Labora-

tory for evaluation.

e., Composite Window Fabrication

In this task of the program the chemical vapor deposition process
for coating zinc selenide with a thin overcoat layer (< 0. 1 in. ) of zinc sulfide K
was developed. Earlier efforts under other programs had established the
basic feasibility of this method of attachment. The purpose of the thin layer

is to allow the use of zinc selenide in a rain environment. The use of CVD

zinc sulfide for protection from raindrop impingement is based on test results
"from the rotating arm apparatus at the Air Force Materials Laboratory. As

mentioned in an earlier section of the report, there should be no appreciable

optical degradation caused by the presence of this layer on the surface of zinc
selenide.

To develop a reliable process for coating zinc selenide with zinc

sulfide fifteen (15) deposits were made during this phase of the program.

Table 6 presents the operating conditions used for these deposits.

The first three zinc sulfide coating deposits were made to deter-

mine the optimum process conditions. These deposits were made on graphite
substrates. The remaining deposits were made on zinc selenide substrates

fabricated by the CVD and PVD processes.
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Runs ZnSC-1, -2, and -3 were deposited at various temperatures,

system pressures, and hydrogen sulfide-to-zinc molar ratios. Run ZnSC-1
was deposited at 65W C and molar ratios of 0. 5 and 1. As expected, the
infrared properties of the higher-molar-ratio material are slightly better
than the lower-molar-ratio material, although the visible imaging quality
of the lower-molar-ratio material is considerably better. Figure 35 presents

the infrared transmittance of both materials from this deposit. Note the
presence of the 6-micrometer absorption band that is indicative of a low
temperature deposite This band is reduced in magnitude when deposition

occurs at higher temperatures.

A higher deposition temperature (725* C) was used for run ZnSC-2.
The run was divided into two parts. For the first half of the run the material

was deposited at 15 torr, while for the second half of the run the material was
deposited at 60 torr. Both materials exhibit good infrared transmissions
as can be seen in Figure 36. Run ZnSC-3 was an attempt to achieve low-molar-
ratio material at a high pressure and low temperature. The deposit was too
thin to properly analyze. Based on the results of these three runs it was

decided that the thin overcoats of zinc sulfide should be made with conditions

similar, to Z nSC-2.

The substrate used for coating in ZnSC-4 was 3 X 3 X 1/4 inch
sample of dVD zinc selenide. The deposition was mi de at 725* C for 10 hours
at a H2S/ Zn molar ratio of 0. 4. Some difficulty was experienced in the

operation of this run and it was later determined that it was due to growths
around the H2S gas inlet port. Although the coating showed good adherence
to the substrate, the opticai quality of the composite was poor. The composite
zinc sulfide/ zinc selenide material scattered badly as indicated by the infrared
transmittance shown in Figure 37. The scatter was caused by improper mixing

of the reactants.

Similar operational problems occurred during run ZnSC-5. This

deposit was completed successfully in spite of the pressurized gas inlet by
operating the flowmeters at higher than atmospheric pressure. The
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resulting material again showed good adherence and less scatter as indicated

in the infrared transmittance shown in Figure 38. The magnitude of the

transmittance in the 8 to 12 micrometer range was also better than had been

previously achieved.

Run ZnSC-6 was deposited under conditions similar to ZnSC-5 after

setup adjustments were made to prevent adverse inlet growth. The resulting

material showed less scatter and an improved infrared transmittance as

indicated by the curve in Figure 39.

In Run ZnSC-7 a thin zinc sulfide layer was deposited on a PVD zinc

selenide substrate. Although the adhesion was good, the optical properties

were poor. Optical examination of the zinc sulfide/ zinc selenide interface

revealed the presence of many micro-fissures in the PVD material. These
micro-fissures act as scattering sites as evidenced by the infrared trans-

mittance of the composite shown in Figure 40. The transmittance of the zinc

sulfide after removal from the substrate is shown in Figure 41 and, as ob-

served, it has good optical properties.

Run ZnSC-9 was deposited with two PVD zinc selenide
substrates to yield sufficient material for rain erosion samples. However,

both substrates apparently crazed (cracks in the zinc selenide at the zinc

sulfide-zinc selenide interface) on cooling from the deposition temperature.

The type of failure observed is shown in Figure 42. Since these cracks are

in the PVD material only, and do not propagate to the free surface of the

-. l substrate, it appears that they are caused by a thermal expansion mismatch

between the zinc sulfide and zinc selenide. Figure 43 shows the infrared
transmittance of this deposit.

To determine if the observed crazing was due to thermal expansion

mismatch the expansion of CVD zinc sulfide, CVD zinc selenide, and PVD

zinc selenide were determined. The results which are presented in Table 7

indicate that CVD zinc sulfide and CVD zinc selenide are compatible. However,

"the CVD zinc sulfide and PVD zinc selenide exhibit an expansion mis,.match
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Figure 42. PVD Zinc Selenide Coated with Zinc Sulfide-Run ZnSC-9
Viewed Through r ransmnitted Light (Dimensions
3 in. X 3 in.)
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TABLE 7

THERMAL EXPANSION OF PVD AND CVD
ZINC SELENIDE AND CVD ZINC SULFIDE

K .LTherm-al Exp Coeff.
Material Rrun No. (X10-6 / a C)
CVD ZnSe ZnSe -96 7.61

I PVD ZrSe PVD -39 8. 08

PVD ZnSe PVD-40 8.05
CVD ZnS ZnSC-l0 7.60
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of approximately 0. 5 microinehes per C. This thermal expansion mismatch

will cause failure in tension in the PVD stibstrate if stress concentration
factors of three are assumed. The stress in the PVD material is thickness-

dependent as shown in the equation:

4 2
C . + 3P + 4P (aiVD )a ZnS) EPVDA'(

4 + 4• + 6p 2 + 4(3 + I

where a Stress (psi)

Thickness of ZnS
Thickness of FVyI)

a = Thermal expansion coef. (X10IO/ °C)

E = Modulus of elasticity (10 psi)

AT = Temperature change (° C)

,Assumes equal stiffness material

Using an allowable stiress of approximately 1500 pF;i, i.t can be seen
from this equation that thickneps ratios of 0. 1 or greater will fail the I-PVD
material, whereas thickness ratios of less than 0. 1 may survive. This

accounts for the frequent but not total failures observed in the PVDY substrates
after coating. It is also obvious from this equation that lower deposition"temperatures linearly reduce the residual stress.

In run ZnSC-10 both CVD and "VIND zinc selenide substrates were
coated at a lower temperature (7000 C) to reduce the aforementioned thermal
stress. Crazing occurred in the PVI) substrate material, while the CVI)

substrate remained intact. The infrared transniittances of both voated

1 substrates are shown in Pigures 44 and 45.

Hun ZnSC-11 wfas made on CVD material to yield sufficient

material for rain erosion specirnicins4 The deposit waq successfull and 'rail
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erosion specimens from this and an earlier deposit (ZnSC-6) were fabricated

and submitted to the Air Force Materials Laboratory for evaluation, Typical

infrared transmittances for these specimens are shown in Figures 46 through

49. The material from ZnSC-6 was chosen to evaluate the effect of coating

thickness on rain erosion behavior with no concernfor optical quality, It

should be noted that the transmittance in the 8-12 mm range for the composite

fabricated in run ZnSC-11 is similar to pure zinc selenide, indicating~that the

thin overcoat does not alter transmittance to any appreciable degree

Run ZnSC-12 was deposited on CVD material. The infrared trans-

mittance of the composite and the zinc sulfide is presented in Figures 50 and

51. The composite was of good optical quality, and a 2 X 2 in. evaluation

specimen was prepared and forwarded to the Air Force Materials Laboratory

for further evaluation.

One additional attempt was made to fabricate rain erosion samples

using a PVD zinc selenide substrate. In this run (ZnSC-13) a 600* C depo-

sition temperature for the zinc sulfide was used. Since the deposition tem-

perature was 600* C a lower system pressure and higher molar ratio of input

reactant was needed to insure that a sufficient supply of zinc vapor was

available. In spite of these measures, zinc liquid condensed in the zinc

sulfide deposit and the optical quality of the deposit was poor. However, no

cracking occurred in the PVD substrate and the interface showed no signs

of crazing. Figure 52 shows the transmittance of this composite sample.

Runs ZnSC-14 and -15 we'i. ma.de to supply additional rain erosion

specimens. Sixteen (16) samples were fabricated from these runs. The zinc

sulfide coating thickness in the finished samples was varied from 0. 020 in.

to 0.130 in.

Run ZnSC-16 was made to deposit. a thin (0. 050 in.) overcoat

of zinc sulfide on the large optically polished zinc selenide plate (13-1/4 X

20 X 0. 590 in. ). The deposit was cnrried out at 6900 C; unfortunately the coating

layer did not adhere uniformly to the substrate and cracking of the plate occurre,.
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The transmittance of a witness hample obtained from this run is shown in

Figure 53, and as indicated, in the 8 to 12 micrometer region, the trans-

mittance is within 2 percent of that predicted from theory. At

other wavelengths, and particularly in the visible range, the transmittance

is lower than anticipated because of scatter from the interface. The absorp-

tivity of this composite that consists of 0. 089 cm of ZnS and 1. 22 cm of ZnSe

was determined to be -3 percent at 9.27 micrometers. This value is higher

than anticipated (by - 1 percent) and is probably due to the presence of im-

purities at the interface.

f. Rain Erosion Testing

To evaluate the resistance to rain erosion of the composite ZnS/

ZnSe materials produced during this program over fifty samples were fabri-

cated and sent to the Air Force Materials Laboratory for testing in their rotating

arm apparatus. All the samples were 1. 5 X 0. 5 X 0. 2 in. in size. The thick-

ness of the CVD ZnS layer deposited on the ZnSe substrates varied from

"-0. 100 in. to -0. 020 in. The majority of the samples submitted had only

the large faces (0. 5 X 1. 5) polished, although late in the program a series of

samples were submitted in which all six surfaces were optically polished.

Testing was performed at two speeds, 470 and 575 mph, in a one-inch

per hr simulated rainfall where the average drop size is 1.8 mm. The flat

face of the specimens were at an impingement angle of 78 degrees to the rain

drops. Exposure times were 20 minutes at 470 mph and 1 minute at 575 mph.

In general, most of the samples tested survived without fracturing

completely. In all cases ring-type failures were observed in the zinc sulfide

overcoat layers. When the overcoat layer thickness was greater than -0. 050

in. the amount of damage was similar to that observed for monolithic zinc

sulfide. The loss in transmittance at 2. 5 and 5. 3 pm was usually between 3 and

5 percent while at 10 A•m it was less than 3 percent.
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It can tentatively be concluded from these tests that approximately

0. 050 in. of zinc sulfide is needed to protect the zinc selenide. At this

thickness the amount of damage observed in the zinc sulfide layer is similar

to that observed in monolithic samples of this material.

It'

F 75

!:A



~~I~I.. ....L ... .

.444

A1%~

L. ... ...

3Fit

... ... ..

lilt 1 .

YF I IN



r,

IV. SUMMARY AND CONCLUSIONS

This program has established the feasibility of fabricating large

size (13 X 20 in.) durable multispectral windows by a chemical vapor deposition

process at a cost consistent with the program goals. The window is a compo-

site that consists of two layers; a relatively thick ( 0. 600 in. ) zinc selenide
substrate and a thin (0. 050 in.) zinc sulfide overcoat. The zinc selenide is
thick enough to resist both mechanical fracture and deflection under

the expected aerodynamic and mechanical loads. This material, after optical
polishing of one surface, is covered with a thin layer of zinc sulfide to provide

protection from rain erosion and dust abrasion. The zinc sulfide grown onto
the selenide surface by chemical vapor deposition. The composite structure can

then be optically polished to its final specifications. This technique eliminates
the use of antireflection coatings at the interface and the need to figure the

final surfaces because of optical path differences due to a nonuniform thickness
of the interface adhesive. Even though we were not successful in coating a fu.ll

size window, several samples of 3 X 5 in. size were succedfully overcoated and

optically polished. The transmittance of the samples indicated that the ZnS
overcoat layer does not significantly alter the transmittance of the ZnSe

substrate.

To achieve the results summarized above and to reduce the cost
*' I of zinc selenide to an acceptable level, three vapor deposition processes

were evaluated. The first two of these processes, aii elemental process that
uses only zinc and selenium vapors, and the physical vapor deposition process

produced material that was satisfactory for use in the 8 to 12 micrometer

range. However, it was not satisfactory for use at visible wavelengths and
at 1. 06 micrometers because of scatter. Furthermore, difficulties were

encountered in fabricating large-size samples with both processes and it was

not possible to successfully overcoat the material produced by the PVD process

with zinc sulfide because of a thermal expansion mismatch.
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The cost to produce excellent optical quality zinc selenide window

blanks by a modified chemical vapor deposition process, the third process

evaluated, was lowered by improving yield and using less expensive reactants.

In addition, chemical vapor deposition techniques were developed for growing

a thin layer of zinc sulfide directly onto a polished zinc selenide substrate.

Using these techniques it is estimated that in production window blanks can

be procured for approximately $11,000 each. These costs are consistent

with the goals established for this program.
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APPENDIX

IMAGE SPOILING MEASUREMENTS

1. INTRODUCTION

If a sample of transparent material is used as an element in an

imaging system, one is obviously concerned with such properties as the

transmittance, the surface figure and polish, etc. Even if these commonly

measured properties are satisfactory, however, the material may cause

an unacceptable degradation of the image quality by causing random angular

deviations of the radiation passing through. Such deviations may result from

bubbles or inclusions, crystal interfaces, inhomogeneity of refractive index,

etc.

Thus, for example, one may design a system to image a point at

infinity, i. e., to focus a parallel beam of light to a point. If the parallel

beam first passes through a plane parallel plate of material which introduces

a small angular spreading of the light, the image will be enlarged to some

extent. The properties whereby the material introduces the angular deviations

may be called image spoiling properties, and the extent to which the image is

enlarged may be used as a measure of the image spoiling properties.

We have developed an image spoiling test apparatus for the iinme-

diate purpose of evaluating the usefulness of varying qualities of CVD n'ate-

rials produced for 8 to 12 urm range FLIR systems. This test equipment

is also available to conduct quality control tests on the window blanks that

are fabricated in exploratory or production phases of other programs. By

suitable change in the detector and filters the measurements could be carried

out at wavelengths other than 8-12 j*m.

2. APPARATUS

Our image spoiling measurement apparatus (Figure 1) utilizes the

radiation from a black body source (Barnes Engineering Co.) operating at
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875 K. A blocking filter (Grubb-Parsons & Co.) is used to cut off the radia-

tion below 8 km (see Figure 2). The radiation is passed through an adjustable

slit, typically set at 30 urm, which serves as an object for an off-axis para-

boloidal mirror (Space Optics Research Labs) of 8 inch diameter and 64 inch

focal length, which renders the radiation parallel. A second off-axis para-

boloid is used to refocus the collimated beam to an Image of the slit. By

means of a scanning mirror system (General Scanning, Inc. ), the image is

swept across the detector at a rate of approximately 60 Hz. The detector

(Arthur D. Little, Inc. ) utilizes a mercury cadmium telluride element 0. 001

inch wide and 0. 020 inch high. The spectral response of this detector with a

1000 K black body source is shown in Figure 3. This characteristic, combined
with that of the blocking filter, results in an effective wavelength band for the
measurement of approximately 8-12 urm. The amplified detector output is

applied to a computer of average transients or CAT (Technical Measurement

Corp. ) which builds up an acceptably noise-free record of the intensity distri-

bution across the image in a minute or so.

3. MEASUREMENT PROCEDURE

The stored up record of intensity versus position may be displayed

on an x-y recorder. By examining this distribution, a suitable measure of

the image width may be obtained. This is illustrated in Figure 4, which shows,

with some smoothing, a typical output curve obtained from the CAT. The

baseline is the level observed far off the peak of the image; the versatility of

the CAT allows this to be displayed below the peak as shown. The width of

the image is indicated at 50% and at 15% of peak.

To test the Image spoiling property of a plate of material, measure-

ments are made with and without the plate placed in the collimated beam between

K i the two paraboloids, and the extent to which the width of the image is changed

"by the presence of the plate is observed. An actual record of outputs from the

CAT is shown in Figure 5 reduced in size. The two curves near the center

are the image curves for a clear aperture of 7 inches (determined by the iris
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diaphragm; see Figure 1) and for a sample of zinc sulfide, with their respec-

tive baselines recorded below the curves. (The original curves may be re-

corded in four different colors, which facilitates separating out the curves

obtained under various conditions.) The two curves near the outer edges of

the figure are used to calibrate the abscissa scale. These two curves are

segments of the image obtained from a double slit of known separation (404 Am).

Since the source is placed at the focal point of a 64 inch focal length reflector,

the separation of the two peaks on the image corresponds to an angular subtense
of the source of 249 prad. From the linear separation of the image peaks of

28. 2 cm, we thus conclude that I cm on the abscissa corresponds to 8. 83

p radians.

4. RESULTS

A typical set of results are shown in Table 1. The samples listed

are three CVD zinc sulfides of two different input reactant molar ratios, one

zinc sulfide of unknown identity but poor quality, and zinc selenide prepared by
the physical vapor deposition process. The aperture was determined by the iris

diaphragm which was normal to the test beam except as noted. The incident

angle is the angle between the test beam and normal to the surface; this is

further clarified in the notes. The width of the image is characterized by A15%,

the width in microradians of the curve at 15% of peak intensity. (We have used

this 15% specification because it is the practice currently being followed in

image spoiling measurements at WPAFB. 2

In the case of the first three zinc sulfides, it will be noted that inser-
tion of the sample at normal incidence resulted in a decrease of the width at

15% peak of about 5 prad. This effect was reproduced a number of times and

is not the result of a simple blunder or noise. One possible explanation for

this effect is that it arises from the decreasing transmissivity of the sample

at the longer wavelengths (> 10. 5 pm) which contribute a greater diffraction

width than the shorter wavelengths. When the sample was rotated by 45 degrees

about a vertical axis (i. e., an axis parallel to the slit) the image width observed
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was about equal to that for the clear aperture. This is also true when the
sample was tilted 45 deg about a horizontal axis which itself is perpendicular
to the test beam. It would appear that for these three materials the image

spoiling is minimal. This it clearly not truefor the unknown ZnS nor the
PVD ZnSe.

5. MODULATION TRANSFER FUNCTION

It may be recognized that the ourves generated bty the image spoiling

measurement apparatus contain more information than merely the width at

some arbitrary fraction of peak intensity. These curves are an approximation

of the line spread function (LSF) for the system under test. (Some distortion
of the LSF arises from the non-zero widths of source and detector. ) The
"modulus of the Fourier transform of the LSF is the Modulation Transfer

Function (MTF), which is frequently used to characterize the image qualities
of optical components. If the image is formed of an object consisting of alter-
nating light and dark bars, the MTF describes the way in which the contrast in
the image depends on the spatial frequency. We are in the process of setting up
the appropriate hardware and software to obtain the MTF from the output of the

CAl.
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TABLE Al

Incident ~ 5
Aperture Angle 11

_______n._(deg (w rad) Note

Noe6-/ 114.4A

ZS270 108.9
(0 /Z)45 114.5

None 8 -- 86.5 B
ZS-20'7 45 87. 0

None 5-1/ 2 -- 165A
ZS-213 0 112.3
(0.7 H 2 S/ Zn) 45 118,0

None B -86.3 BIZS-213 4: 87.0-

None 5 -- 123.6 A

None 5-1/2 -- 114.8 A

Unnw -n 0 162.4

None 7 -- 87.5B A

ZnSe-PVD-41 it0 96.3ti

None 4-1/2 -- 133.7 A
ZnSe-PVD-41 45 144.2

Notes:
A. The iris diaphragm warn perpendicular to the teat beam. For the 45 deg

measurement, the sample only was rotated about a vertical axis (see Fig. 1).

B. The iris diaphragm warn always tilted at an angle of 45* with respect to
the vertical. so that the effective height of the test beam was 8/Nr2 inch.
The sample was placed parallel to the diaphragm.
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